IR induces irreversible damages to the stroma, reducing by as much as 90% the colony forming unit capacity of the bone marrow or skin derived stromal cells
. Importantly, this reduction in the number of stromal progenitor cells is long-lasting as their number does not recover for several years [9, 12, 13] . Hence, we suggested that IR-induced prolonged stromal damage may be responsible for delayed skin repair. Interestingly, injection of bone marrow derived multipotent stromal cell (MSCs) in the immediate periphery of wounded skin accelerates healing in diabetic mice [14] [15] [16] . MSCs can be easily expanded in vitro, and display the potential to differentiate into several cell types (such as adipocytes, osteocytes or chondrocytes) [17] [18] [19] [20] , making MSCs attractive candidates for cellular therapy. The exact mechanisms by which MSCs accelerate wound closure remain ambiguous, especially as MSC ability to differentiate into keratinocytes is controversial [21] [22] [23] . In earlier studies, negligible differentiation into keratinocytes was observed (0.0001% to 0.1%), even in situations where MSC homing to the injured site was not required (i.e. when MSCs were injected in the vicinity of the wound margin) [14, 15, 21, 24] [25] . (Fig. 4A (Fig. 4B) . (Fig. 5B) . Notably, the number and size of blood vessels was considerably larger upon delivery of supraphysiological levels of SDF-1␣ using MSC-SDF-1 (Fig. 5A) (Fig. 2) . A deficit in SDF-1␣ was additionally reported in wounded skin from diabetic mice, confirming an important role of this cytokine in wound healing [31] . The mechanism of IR-mediated prevention of SDF-1␣ induction up to several months after exposure remains to be determined. One possibility is that cells exposed to IR undergo severe DNA damage, consequently entering a state of senescence [36, 37] . In contrast to apoptotic cells that are rapidly eliminated after damage, senescent cells persist in tissues and may alter the microenvironment for extended periods [38, 39] . Unexpectedly, exposure to a sub-lethal dose of IR (8 Gy) [40] . This observation supports the hypothesis that damaged skin cells with constitutively activated p53 have a reduced capacity to produce SDF-1␣ during the wound response. Additionally, we previously reported that senescent human fibroblasts are impaired in their ability to accumulate the hypoxia inducible factor-1 (HIF-1) under hypoxic conditions in vitro [41] . The SDF-1␣ promoter contains HIF-1 binding sites, and is regulated by oxygen tension [42] . Therefore, another possibility is that damaged/senescent cells are unable to induce SDF-1␣ expression in response to hypoxia. [43, 44] . FGF-2 down-regulates SDF-1␣ expression in MSCs in a post-transcriptional manner. (Fig. 1C) , and because SDF-1␣ secretion was shown to occur through residing stromal and endothelial cells [32] . Nonetheless, fewer blood vessels were observed in irradiated than in non-irradiated wounded skin (Fig. 5) (Fig. 3A) . Surprisingly, while the amount of SDF-1␣ secreted by irradiated MSCs was not changed, evidence suggest its functionality is reduced following irradiation-induced proteases activity (Carbonneau et al., submitted) . Unexpectedly, injection of MSCs was not beneficial in control non-irradiated mice, inconsistent with previous reports [14, 15] . These discrepancies may result from the use of different mouse strains (BalbC versus C57Bl/6) [25] . SDF-1␣ is a strong candidate factor, as specific down-regulation of its expression in MSCs severely impairs MSCs capacity to rescue wound closure (Fig. 4) 
. Hence, MSCs may provide paracrine factors that foster skin regeneration independently of the ability of MSCs to transdifferentiate. In support of this hypothesis, conditioned media collected from MSCs and injected within the wound periphery facilitated skin healing; the factors responsible were not identified

However, the issue of whether MSCs or their secretome have therapeutic effects on irradiated wounded skin containing damaged cells, likely diminished in their regeneration potential, remains to be clarified. In this study, we focus on two important topics. Initially, the mechanism responsible for delayed healing following exposure to IR was analysed. Deficiency in SDF-1␣ induction was identified as an important cause of wound repair defects in irradiated skin. Subsequent results showed that injection of MSCs rescued long-term IR damage, which was mainly attributed to the specific secretion of SDF-1␣. Based on these findings, we suggest that the decreased regeneration potential of irradiated skin is somewhat reversible and may be restored with adequate stromal support.
Materials and methods
Isolation, purification and characterization of MSCs
MSC injection influences healing of irradiated skin
and B). Our findings strongly suggest that the beneficial paracrine effect of MSCs is largely mediated by the action of SDF-1␣. In view of these results, we explored the possibility of delivering supraphysiological amounts of SDF-1␣ with the aim of further improving wound healing. MSCs were modified, using lentiviruses, to secrete Ͼ4000 pg of SDF-1␣/10 4 cells, which is 8-fold greater than the normal amount of SDF-1␣ (the cell line is designated MSC-SDF-1)
MSC injection increases wound vascularization
To clarify the mechanisms by which various populations of MSCs improved wound closure, we measured differences in vascularization, based on the well-known angiogenic and vasculogenic properties of SDF-1␣. Initially, we observed that wound beds from irradiated mice contained a significantly lower number of blood vessels than controls (P Յ 0.001), indicating a vascularization defect in skin previously exposed to IR (Fig. 5). Injection of MSCs virally transduced with EGFP, SDF-1 or shSDF-1, in the vicinity of the wound margin, enhanced the blood vessel density in proportion to the amount of SDF-1␣ secreted
Discussion
Tissue regeneration defects are common, and constitute a major problem in cancer-treated survivors. The molecular origin of these defects remains largely unknown, and thus development of an adapted therapy is essential. Here, we establish that SDF-1␣ plays a role in wound healing following exposure to IR. SDF-1␣ expression at the mRNA and protein levels was impaired in irradiated, compared to non-irradiated, wounded skin, in contrast to other cytokines that were induced in both groups
led to the persistent accumulation of damaged cells in several tissues, including skin, for up to at least 4 months after irradiation (Le et al., manuscript in preparation). A recent study showed that activation of p53, a hallmark of damaged cells, led to attenuation of SDF-1␣ expression in some mouse and human fibroblast cell lines in vitro
Another reported regulator of SDF-1␣ is fibroblast growth factor 2 (FGF-2), a cytokine involved in cell growth and other key roles, including wound healing
